The small ubiquitin-like modifier (SUMO)-1 is an important posttranslational regulator of different signaling pathways and involved in the formation of promyelocytic leukemia (PML) protein nuclear bodies (NBs). Overexpression of SUMO-1 has been associated with alterations in apoptosis, but the underlying mechanisms and their relevance for human diseases are not clear. Here, we show that the increased expression of SUMO-1 in rheumatoid arthritis (RA) synovial fibroblasts (SFs) contributes to the resistance of these cells against Fas-induced apoptosis through increased SUMOylation of nuclear PML protein and increased recruitment of the transcriptional repressor DAXX to PML NBs. We also show that the nuclear SUMO-protease SENP1, which is found at lower levels in RA SFs, can revert the apoptosis-inhibiting effects of SUMO-1 by releasing DAXX from PML NBs. Our findings indicate that in RA SFs overexpression of SENP1 can alter the SUMO-1-mediated recruitment of DAXX to PML NBs, thus influencing the proapoptotic effects of DAXX. Accumulation of DAXX in PML NBs by SUMO-1 may, therefore, contribute to the pathogenesis of inflammatory disorders.
R
heumatoid arthritis (RA) is the most common inflammatory disorder of the joints. It is characterized by chronic inflammation, autoimmune phenomena, and synovial hyperplasia and leads to the progressive destruction of articular structures (1) . Although the role of inflammatory cells and their mediators in promoting synovial hyperplasia and disease progression is well established, the specific contribution of resident fibroblast-like cells has emerged only recently. It has been understood that in RA synovial fibroblasts (SFs) exhibit features of stable activation that facilitate the switch from acute to chronic inflammation and result in a tumor-like, aggressive behavior (2, 3) . As in various malignancies, resistance against Fas-induced cell death is a characteristic feature of these cells, although in vitro experiments have shown considerable variability in the sensitivity of RA SFs to apoptosis (4, 5) .
The small ubiquitin-like modifier (SUMO)-1 is of interest for this process, because it can associate with the Fas-associated death domain (FADD) (6) , and overexpression of SUMO-1 was shown to protect BJAB cells from Fas-induced cell death (7) . SUMO-1 also binds and modifies the FADD-interacting protein DAXX that, when overexpressed transiently, increases Fas-mediated apoptosis (8, 9) . Previous studies have demonstrated increased levels of SUMO-1 in SFs from patients with RA but not in patients with degenerative joint diseases (osteoarthritis, OA) (10) , and it has been speculated that increased expression of SUMO-1 may contribute to the activated phenotype of RA SFs (4) . However, the lack of data showing in vivo interactions of SUMO-1 with FADD, together with the observation that overexpression of SUMO-1 can induce apoptosis, have challenged the antiapoptotic properties of SUMO-1.
Here, we show that SUMO-1 is involved in the resistance of RA SFs against Fas-induced apoptosis and that SUMOylation of the nuclear promyelocytic leukemia (PML) protein with subsequent ''trapping'' of the proapoptotic adaptor molecule DAXX in nuclear bodies (NBs) constitutes the mechanism by which SUMO-1 exerts its antiapoptotic effects in RA SFs. We also show that the nuclear SUMO-specific protease SENP1 is not increased in these cells but that overexpression of SENP1 in RA SFs can modulate the apoptosis-inhibitory effects of SUMO-1 by releasing the transcriptional repressor DAXX from PML NBs.
Results

SUMO-1 Confers the Resistance of RA SFs to Fas-Mediated Cell Death
and Is Found at Elevated Levels in PML NBs. We first investigated whether increased expression of SUMO-1 contributes to the resistance of RA SFs against Fas-induced cell death. Confirming our previous observations (10), primary RA SFs expressed significantly higher levels of SUMO-1 than SFs from OA patients (data not shown). To analyze the susceptibility of RA and OA SFs to Fas-induced apoptosis, we plated the cells at identical numbers and stimulated them with recombinant human (rh)FasL as described (11) . As a positive control staurosporin was used to induce apoptosis. Apoptosis was determined by a histone fragmentation assay and confirmed by FACS analysis with propidium iodide labeling of intracellular DNA. As shown in Fig. 1a , RA SFs showed similar rates of spontaneous cell death but were significantly less susceptible to Fas-induced apoptosis than OA SFs. To establish a functional relationship with the expression of SUMO-1 and determine whether reduced expression of SUMO-1 restores the normal apoptotic response of RA SFs, we used siRNA to ablate the expression of SUMO-1. RA SFs were transfected with siRNA to SUMO-1 by nucleofection (Amaxa, Cologne, Germany), and apoptosis was induced with rhFasL 48 h after transfection. As shown in Fig. 1 b and c, transfer of siRNA to SUMO-1 inhibited the expression of SUMO-1 both at the mRNA (Fig. 1b) and the protein (Fig. 1c) level. siRNA to SUMO-1 affected all major SUMOylated proteins, including SUMO-1/RanGAP1, which is one of the most promi-nently expressed SUMOylated proteins and has been used in other expression studies on SUMO-1. Knockdown of SUMO-1 by siRNA clearly sensitized RA SFs to Fas-mediated apoptosis ( Fig. 1 d and  e) . These effects were SUMO-1-specific, because mock siRNA was unable to alter the apoptotic response of the cells ( Fig. 1 d and e) . Staurosporin induced apoptosis in Ͼ90% of the cells after 12 h with no differences between SUMO-1-expressing and silenced cells (data not shown). To determine whether long-term overexpression or inhibition of SUMO-1 in a similar way alters the susceptibility of RA SFs to Fas-mediated apoptosis, we generated retroviral constructs that expressed either WT SUMO-1 or a full-length antisense construct to SUMO-1. RA SFs were infected with the retroviruses and selected with G418 over 60 days. As shown in Fig. 1f , WT SUMO-1 decreased the ability of RA SFs to undergo apoptosis after stimulation with rhFasL when compared with the mocktransfected controls. In contrast, gene transfer of the antisense construct sensitized the cells to Fas-induced cell death to a similar extent as RNAi (Fig. 1d) .
Next, we performed immunostainings to study the distribution of SUMO-1 in RA and OA synovial cells. Immunohistochemical double-labeling of RA and OA synovial tissues with antibodies against SUMO-1 and PML revealed strong staining for SUMO-1 in RA tissues with SUMO-1 being prominently localized in the nucleus of the synoviocytes. There it was found in distinct foci costaining with PML. In contrast, far less such prominent focal colocalization was seen in OA synovial cells (Fig. 2a) , indicating that increased expression of SUMO-1 in RA synoviocytes strongly affects nuclear association with PML. To further analyze the subcellular distribution of SUMO-1 in RA and OA SFs, immunocytochemistry and confocal laser scanning microscopy was used. Of interest, we were unable to locate SUMO-1 to the cell membrane and particularly to FADD even after stimulation of RA SFs with rhFasL (data not shown). Rather, as can be seen from a representative picture of multiple stainings in Fig. 2a , SUMO-1 was found predominantly in the nucleus, and a considerable proportion of SUMO-1 was found in association with PML. When compared with OA SFs, RA cells exhibited a markedly enhanced nuclear staining for SUMO-1 and a stronger association of SUMO-1 with PML ( Fig.  2 b and c) .
Expression of SENP1 Is Decreased in RA and Overexpression of SENP1
Sensitizes RA SFs to Fas-Mediated Cell Death. Next, we hypothesized that if SUMOylation of PML mediates the antiapoptotic effects of SUMO-1, deconjugation of SUMO-1 from PML through overexpression of the nuclear SUMO-specific protease SENP1 would sensitize RA SFs to FasL-induced apoptosis. Analysis of the endogenous levels of SENP1 in RA and OA SFs revealed that there was no compensatory up-regulation of SENP1 in RA fibroblasts along with SUMO-1. Rather RA SFs showed less SENP1 expression at the mRNA level (Fig. 3a) and when nuclear protein extracts were examined by immunoblot (Fig. 3b) . We then generated two expression constructs of SENP1, in which WT SENP1 (SENP1wt) or a catalytically inactive C603A mutant SENP1 (SENP1mt) were fused to GFP at their C terminus. RA SFs were transfected with SENP1wt or SENP1mt by nucleofection, and the expression of the transgenes was monitored by fluorescence microscopy and quantitative real-time PCR. As shown in Fig. 3 , transfection of the RA SFs with these constructs resulted in a significant overexpression of SENP1wt and SENP1mt (Fig. 3c) , and 48 h after transfection, SENP1 was expressed prominently in the nucleus of these cells, and there were no obvious differences in the expression of SENP1wt and SENP1mt with respect to the intracellular localization (Fig. 3d) . Transient overexpression of SENP1 did not alter the rate of spontaneous apoptosis but most significantly increased the susceptibility of RA SFs to Fas-induced cell death ( Fig. 3 e and f ) . The effects required a functional protease domain, because the mutant SENP1mt was unable to sensitize the RA SFs to Fas-mediated apoptosis.
Deconjugation of SUMO-1 from PML Results in the Release of DAXX
from PML NBs. To determine whether the effects of SENP1 on Fas-induced apoptosis are accompanied by alterations in the association of DAXX with PML, we transiently transfected RA SFs with the GFP-tagged constructs of SENP1 and analyzed the subcellular distribution of DAXX, SENP1, SUMO-1, and PML by immunofluorescence staining and confocal laser scanning microscopy. As transfection efficacy ranged between 30% and 50% in our experiments (data not shown), we were able to study the distribution of these proteins in SENP1-transfected and untransfected cells at the same time and under identical conditions. Confirming previous data, we found that SUMO-1 colocalizes with DAXX ( Fig.  4a) and PML (Fig. 4b) and that SENP1 is targeted to PML-NBs. This was seen particularly from the experiments where the nonfunctional mutant SENP1mt was used (Fig. 4) . Overexpression of SENP1wt removed SUMO-1 from its nuclear depots (Fig. 4a ) but did not decrease nuclear accumulation of PML (Fig. 4b) . Rather, PML was found in fewer but larger aggregates in SENP1wt-transfected fibroblasts. However, de-SUMOylation of PML by SENP1wt clearly promoted the loss of DAXX from the PML NBs (Fig. 4 a Lower and b Lower). This loss of DAXX from the nucleus depended on the catalytic activity of SENP1 as SENP1mt was unable to demonstrate these effects (Fig. 4 
a Upper and b Upper).
Sequestration of DAXX Is Increased in the Nuclei of RA SFs, and DAXX Is Required for the Proapoptotic Effects of SENP1 in RA SFs. Finally, we analyzed whether increased SUMOylation of PML in RA SFs results in higher levels of PML-bound DAXX and whether DAXX is required functionally for the proapoptotic effects of SENP1. First, we used immunohistochemical double staining of RA and OA synovial tissues with antibodies against DAXX and PML to study the colocalization of both proteins in vivo. As can be seen in Fig. 5a , there was a strong nuclear localization of DAXX in RA synovio- SENP1mt was unable to sensitize the RA SFs to FasL-induced apoptosis, suggesting that the effects required a functional protease domain. ( f) The effects of SENP1wt on FasL-induced cell death were confirmed by FACS analysis of propidium iodide-stained RA SFs. Cells were stimulated with 100 ng/ml rhFasL, and apoptosis was assessed by counting cells of the pre-G 1 fraction. The number of apoptotic cells increases from Ϸ12% in mock-transfected RA SFs to Ͼ32% in SENP1wt-transfected cells. SENP1mt had no significant effects.
cytes, and DAXX colocalized with PML in the majority of these cells. In contrast, significantly less such focal colocalization was seen in OA synovial cells. To confirm this observation in vitro, we performed immunoprecipitation of nuclear extracts with anti-PML antibodies and subsequent immunoblot with antibodies against DAXX to determine the levels of PML NB-bound DAXX in RA SFs and OA SFs. As shown in Fig. 5 b and c, there was a markedly enhanced sequestration of DAXX in PML NBs of RA SFs. Using siRNA, we next ablated the expression of DAXX in RA SFs. As demonstrated in Fig. 5 , inhibition of DAXX expression was 70% at the mRNA level (Fig. 5d) , and DAXX protein expression was reduced in siRNA-transfected cells (Fig. 5e) . We then cotransfected RA SFs with SENP1wt and siRNA to DAXX and found that SENP1wt failed to sensitize RA SFs to FasL-induced apoptosis when DAXX expression was reduced (Fig. 5f ). The effects were specific for DAXX, as mock siRNA cotransfection with SENP1wt facilitated Fas-induced cell death in a similar way as SENP1wt alone (Fig. 5f ). To study whether the release of DAXX from PML NBs by SENP1 results in altered binding to the FADD, we performed immunoprecipitation of cell lysates of SENP1wt and mocktransfected RA SFs with antibodies against FADD followed by immunoblot using antibodies against DAXX. As shown in Fig. 5 g and h, these experiments clearly demonstrated an increased association of DAXX with FADD after liberation from the PML NBs in RA SFs. Discussion SUMO-1 acts as a posttranslational regulator of different signaling pathways and is involved in the formation of PML NBs (12, 13) . Overexpression of SUMO-1 has been associated with alterations in apoptosis (7), but the mechanisms that mediate these effects and particularly their relevance for disease conditions are unclear. Based on previous data that have demonstrated increased expression of SUMO-1 in SFs from patients with RA (10), we investigated the relevance of SUMO-1 for the resistance of these fibroblasts to Fas-mediated cell death and studied the mechanisms by which SUMO-1 is involved in the regulation of apoptosis in these diseased cells. We demonstrate that, rather than by interacting directly with the FADD, SUMO-1 inhibits apoptosis through recruiting proapoptotic molecules such as DAXX into PML NBs, where they are trapped and cannot exert their proapoptotic effects. ( f) RA SFs were cotransfected with SENP1wt and siRNA to DAXX, and apoptosis was determined by using the histone fragmentation assay. As seen before (Fig. 3 e and f ) , SENP1wt sensitized the cells to FasL-induced apoptosis, but failed to do so when DAXX was knocked down (means Ϯ SEM of four different RA SFs; * , P Ͻ 0.05 vs. SENP1wt). The effects were specific for DAXX, because mock siRNA had no significant effects. In our studies, we first investigated whether increased expression of SUMO-1 contributes to the resistance of RA SFs against Fas-induced cell death. Knockdown of SUMO-1 by siRNA and long-term expression of antisense RNA sensitized RA SFs to Fas-mediated apoptosis. By contrast, overexpression of WT SUMO-1 further decreased the ability of RA SFs to undergo cell death through Fas. These data indicated to us that the increased levels of SUMO-1 as found in RA SFs contribute to the resistance of these cells against Fas-induced apoptosis. Because it has been hypothesized that SUMOylation of FADD itself or FADDassociated molecules mediates the antiapoptotic effects of SUMO-1 (7, 14) , we analyzed the subcellular distribution of SUMO-1 in RA and OA synovial membranes and in fibroblasts isolated from these tissues but we were unable to locate SUMO-1 to the cell membrane and particularly to FADD even after stimulation with FasL. Rather, both in vivo and in vitro SUMO-1 was found predominantly in the nucleus and showed a pattern of distribution that has been described in a number of other cell types and where a considerable proportion of SUMO-1 was found in association with PML. This result is also in line with previous work of other groups demonstrating that PML is modified by SUMO-1, and that SUMOylation of PML is essential for the recruitment of other proteins to PML NBs (15) (16) (17) . Although recent data suggest that in addition to SUMO-1 other members of the SUMO family such as SUMO-3 are also capable of modifying PML, the role of these SUMOs appears to be distinct in that SUMO-3 is responsible primarily for stabilizing the nuclear localization of PML (18) . Of interest, increased levels of SUMO-1 in RA SFs resulted in a more pronounced formation of PML NBs, suggesting that the differences in the expression of SUMO-1 between RA and OA SFs have functional consequences.
Based on these findings, we hypothesized that the association of SUMO-1 with nuclear PML is responsible for the inhibitory effects of SUMO-1 on Fas-mediated apoptosis through altering the composition of PML NBs. This notion was supported further by our observation that in RA SFs higher expression of SUMO-1 than in OA fibroblasts resulted in increased levels of PML-bound DAXX, a transcriptional repressor with proapoptotic properties. In this context the SUMO-specific protease SENP1 is of interest, because it is targeted to the nucleus through a single nonconsensus nuclear localization signal (19) , and expression of SENP1 in COS cells removes PML NB conjugates from the nucleus (20) . Conversely, generation of dominant negative mutants of SENP1 was shown to result in the accumulation of high-molecular-weight SUMO-1 conjugates in the nuclei of these cells (19) . In our studies, overexpression of SENP1 did not alter the rate of spontaneous apoptosis but most significantly increased the susceptibility of RA SFs to Fas-induced cell death. These data prompted us to ask whether overexpression of SENP1 in RA SFs would not only restore the susceptibility of these cells to Fas-induced apoptosis but also alter the composition of PML NBs. Indeed, we were able to show that SENP1 removed SUMO-1 from its nuclear depots but did not decreased nuclear accumulation of PML. Expression of SENP1 resulted in fewer but larger PML aggregates, yet at the same time, de-SUMOylation of PML by SENP1 promoted the loss of DAXX from the PML NBs. These findings demonstrated that SENP1 is targeted to the nucleus of RA SFs and mediates the release of DAXX from the PML NBs. Data from Pml Ϫ/Ϫ cells have suggested that the ability of DAXX to potentiate Fas-induced apoptosis is linked to the presence of PML (21) , and it has been proposed that even when released from PML NBs, DAXX needs to associate with PML to enhance Fas signaling (22) . Our data do not necessarily support this hypothesis, despite clear evidence for the interaction of PML and DAXX (23) . Rather, our confocal studies failed to demonstrate the presence of PML-DAXX complexes after overexpression of SENP1wt. This failure may be caused by the size and, thus, detectability of such complexes, but it may be hypothesized also that the stability of PML NBs, which in our and other studies was not affected by SENP1 (20) , is a general prerequisite for the execution of the apoptotic cascade.
To analyze whether DAXX is involved functionally in the proapoptotic effects of SENP1 or whether these effects are mediated by other proteins that in a similar way as DAXX are released from the PML NBs upon de-SUMOylation of PML, we knocked down the expression of DAXX in RA SFs by siRNA and could demonstrate that SENP1 failed to sensitize RA SFs to Fas-induced apoptosis when DAXX was lacking. These data indicate that by deconjugating SUMO-1 from PML SENP1 can modulate the inhibitory effects of SUMO-1 on Fas-induced apoptosis and that these antiapoptotic effects are mediated through accumulation of DAXX in PML NBs. Our data further demonstrate that the nuclear release of DAXX increases its association with FADD, which may serve as an explanation for the proapoptotic effects of SENP1. The question of whether this is the only mechanism by which DAXX exerts its effects in RA SFs, however, remains to be answered, because it has been shown that DAXX may also function as an adaptor molecule that recruits other proteins to PML NBs (24) and more recent data have demonstrated a role for DAXX as a transcriptional repressor of key transcriptional factors. In this context, the observation that DAXX interacts with Smad4 and represses its transcriptional activity (25) as well as data showing that the interaction of SUMO-1-modified CREB-binding protein (CBP) with DAXX mediates SUMO-dependent transcriptional regulation of CBP (26) are certainly of importance. It also cannot be excluded completely that other proteins, which may get released from PML NBs after de-SUMOylation of PML, are involved at least in part in the effects of SENP1. However, our data most strongly suggest that the altered accumulation of DAXX substantially influences the susceptibility of fibroblast-like cells to Fas-induced apoptosis and that this accumulation of DAXX in PML NBs reduced the association of DAXX with FADD.
Collectively, we have shown that SUMO-1 contributes to the resistance of RA SFs against Fas-induced apoptosis by creating nuclear depots of proteins that under physiological conditions are involved in the dynamic balancing of death signals. The data suggest that, in addition to the altered expression of apoptosis-regulating proteins, increased SUMOylation of PML and subsequent trapping of proapoptotic regulators may be an important pathological factor for the resistance of cells against apoptotic death.
Methods
Cells and Apoptosis. SFs were obtained from RA and OA patients at joint replacement surgery and grown in DMEM with 10% FCS until passages 4-6 as described (27) . For the experiments, they were plated at identical densities (10 4 cells) into 96-well plates and allowed to adhere overnight. Apoptosis was then induced by incubation in 100 ng/ml rhFasL for 16 h as described (11) , and cell death was determined by using a histone fragmentation assay (Cell Death Detection ELISA Plus ; Roche, Minneapolis, MN). For confirmation of the data, cells seeded into six-well plates (2.5 ϫ 10 5 cells per well) were treated accordingly but then harvested and stained with propidium iodide (5 g/ml) for analysis by FACS.
Expression Vectors, siRNA, and Transfection. Replication-deficient retroviruses carrying the SUMO-1 expression and antisense constructs were generated by PCR, subcloning the SUMO-1 coding sequence in sense and antisense orientation into the retroviral vector pLXIN (Clontech, Heidelberg, Germany) and transfection into the amphotropic packaging cell line PT67 (Clontech) as described (27) . Nonviral, GFP-tagged SENP1wt, and SENP1mt expression constructs were generated by PCR, subcloning SENP1 into pEGFP-C1 (Clontech). SUMO-1 siRNA (5Ј-CUG GGA AUG GAG GAA GAA G-3Ј) and DAXX siRNA (5Ј-GGA UGU UGC AGA ACU CCG C-3Ј) oligonucleotides with 3Ј dTdT overhangs were synthesized by Eurogentec, Brussels. Mismatch oligonucleotides (Eurogentec) were used as controls. Transfection of SENP1wt and SENP1mt as well as siRNA was performed by nucleofection. Fibroblasts were transfected once 12 h (SENP1) or 72 h (SUMO-1 and SENP1 plus siDAXX) before further analysis. For viral gene transfer, RA SFs were transduced at 60-70% confluence in the presence of 8 g/ml polybrene and selected with 0.8 mg/ml G418.
Immunolocalization of SUMO, PML, and DAXX in RA and OA Synovial Tissues. Paraffin sections of synovial tissue specimens from RA and OA patients were pretreated with trypsin (PAA, Pasching, Austria), blocked with 15% horse serum, and incubated with primary antibodies against SUMO-1 (Zymed Laboratories, Karlsruhe, Germany) or DAXX (Exbio, Praha, Czech Republic) diluted 1:100 in TBS containing 10% horse serum for 2 h at 37°C and subsequently with anti-PML antibodies (Sigma/Aldrich, St. Louis, MO) diluted 1:200 in Tris-buffered saline containing 10% horse serum overnight at 4°C. Immunostaining of the tissues was performed with secondary biotinylated antibodies using the Vectastain ABC Elite Kit with the Vector Red and Blue Substrate Kit (Vector Laboratories).
Expression of SUMO-1, SENP1, DAXX, and PML in SFs. Expression of SUMO-1, SENP1 and DAXX mRNA was determined by quantitative PCR (TaqMan, Applied Biosystems, Foster City, CA) using predeveloped assays (PE Biosystems, Foster City, CA) and ␤-actin as endogenous control (27) .
For the detection of SUMO-1 and DAXX protein, cells were lysed in single detergent buffer (50 mM Tris⅐HCl, pH 8.0/150 mM NaCl/1% Nonidet P-40/0.02% NaN 3 ) with the protease inhibitor mixture SetIII (1:100; Calbiochem) and then separated on a denaturing SDS polyacrylamid gel (12% running, 5% stacking gel). Proteins were transferred onto a PVDF membrane using semidry blot. Membranes were blocked for 1 h with 5% dry defatted milk in PBS including 0.1% Tween 20. Membranes were then incubated with monoclonal anti-SUMO-1 (clone 21C7; Zymed Laboratories) or anti-DAXX (clone DAXX-01; Exbio) antibodies in PBS containing 5% milk and then with HRP-labeled anti-mouse antibodies (Amersham, Piscataway, NJ). Bound HRP was visualized with a ECL kit (Amersham). Blots were stripped and reprobed with anti-␤-actin antibodies (Sigma/Aldrich) as loading controls.
For the detection of SENP1 protein, nuclear extracts were generated by using a two-step buffer system. A total of 4 ϫ 10 6 cells was first lysed in a hypotonic buffer (10 mM Hepes, pH 7.9/10 mM KCl/0.1 mM EDTA/0.1 mM EGTA) and then nuclear proteins were extracted by a hypertonic buffer (20 mM Hepes, pH 7.9/400 mM KCl/1 mM EDTA/1 mM EGTA). Both buffers were supplemented with a protease inhibitor mixture (SetIII, 1:100; Calbiochem). Immunoblotting was performed as described above using
